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ABSTRACT 
This electron microscopic study dcals with thc structure of thc Z  disc  of frog's  skeletal 
musclc, with special  rcgard to thc I filamcnts--whcthcr thcy pass through thc Z disc  or 
terminate  at  it.  In  most  longitudinal  sections  thc I  filaments  tcrminatc  as  rod-likc  projections 
on cithcr  sidc  of the Z disc,  one I filamcnt on onc side  lying between two I filaments on 
thc opposite side.  This indicatcs  that the I filamcnts  arc not  continuous through the Z disc. 
Thc rod-like  projections arc oftcn sccn to consist of filaments (dcnotcd as Z  filaments) 
which mcct at an anglc. 
In cross-scctions  through thc Z  region the I filamcnts and Z  filamcnts form tctragonal 
patterns.  Thc I filaments  are situatcd  in the corners of  thc squarcs; the obliquc Z filaments 
form the sides  of squares. Thc tctragonal pattern formed by the Z filamcnts is rotated 45 
degrees with respcct  to thc tctragons formed by thc I filaments on both sides  of Z. This 
structural  arrangement is intcrprctcd to indicate  that cach I filamcnt on onc sidc  of  the Z 
disc  faces  thc ccntcr of  the space bctwccn four I filaments  on the oppositc sidc  of  Z and that 
the intcrconnection is  formed by four Z filaments. 
INTRODUCTION 
In studies with the light microscope the Z  disc has 
been described either as a  membrane which trav- 
erses  the  muscle  fibre  (1,  2)  or  as  a  fenestrated 
structure through which the myofibrils pass (3, 4). 
Electron  micrographs  have  shown  the  Z  disc 
within the fibril to occupy  the space between the 
myofilaments (5) but they have not demonstrated 
whether the myofilaments are continuous or termi- 
nate  in  the  Z  disc  (6).  The  present  study  was 
undertaken  to  determine  the  structural  relation- 
ship between the Z  disc and the myofilaments. 
METHOD 
A.  Material 
The  cxpcrimcnts  were  made  on  singlc  muscle 
fibres or small bundles  (2 to  l0 fibres) isolated from 
frogs'  semitendinosus  muscle  (Rana temporaria and 
Rana esculenta). Sections were  prepared from resting 
muscles  at  equilibrium  length  (three  muscles)  or 
stretched  up  to  70  per  cent  (seven  muscles),  from 
isometrically  contracted  muscles  at  equilibrium 
length (three muscles) or stretched up to 70 per cent 
(eight  muscles),  and  from  muscles  shortened  from 
equilibrium  length  (three  muscles)  or  from  25  per 
cent stretch (two muscles). 
B.  Fixation 
The fibres were fixed in a  solution composed of 1 
per cent  osmium  tetroxide  (OsO4),  buffered  at pH 
7.2 with Veronal  acetate  (7),  and sodium  chloride, 
potassium chloride, and calcium chloride to increase 
the osmotic pressure (8, 9). Depending on the number 
of muscle  fibres,  the  sample  was  kept  from  1  to  4 
hours in the OsO4 solution at about 0°C. 
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The  fibres  were  embedded  in  pure  butyl  metha- 
crylate,  or  in  a  butyl-methyl methacrylate  mixture 
containing at most 30 per cent methyl methacrylate, 
or in Vestopal  W  (10).  Samples destined for metha- 
crylate  embedding  were  dehydrated  in  an  ethanol 
series;  for  Vestopal,  in  an  acetone  series.  In  the 
methacrylate  group,  staining  was  performed  before 
embedding  (15  to  20  hours in  1  per  cent  phospho- 
tungstic  acid  dissolved  in  70  per  cent  ethanol);  in 
the Vestopal  group,  staining was  done  after section- 
ing the embedded fibres  (1  hour in  l  per cent uranyl 
acetate). 
D.  Sectioning 
Both  longitudinal  and  cross-sections  were  made 
with  an  ultramicrotome  (Ultrotome,  LKB,  Stock- 
holm)  using  a  glass  knife.  Before  sectioning  the 
samples were  adjusted  under  the  microscope  (mag- 
nification  40)  so  that  the  fibre  axis  was  parallel 
(longitudinal  sections)  or  perpendicular  (cross- 
sections)  to  the  cutting  plane.  The  longitudinal 
sections were  cut both with the knife edge perpend- 
icular  and  parallel  to  the  longitudinal  axis  of  the 
fibre.  The  latter  type  of  sections  was  used  to  de- 
termine  the  height  of the  Z  disc  (11).  The  cutting 
direction  is indicated  by  a  diagram  on  the electron 
mierographs  of  longitudinal  sections  (Figs.  1,  2). 
The  thickness  of  the  sections  ranged  from  about 
600 A  to  100 A  (the latter sections contained only a 
single filament layer). The sections were mounted on 
carbon membranes with holes. 
E.  Electron  Microscopy 
The sections were examined in a JEM  5 Y electron 
microscope  (Japan  Electron  Optics  Laboratory  Co., 
Ltd.,  Tokyo).  During  the study  the  electron  micro- 
scope was calibrated twice by means of a  replica of an 
General Remarks about the Electron Micrographs,  Figs. 1 to $ 
The electron micrographs shown are muscle fibres stretched  10 to  30 per cent,  fixed 
under isometric conditions in osmium tetroxide without previous extraction in glycerol. 
The  fibres were  embedded  in Vestopal  and the sections stained with  uranyl  acetate. 
The section in Fig.  3  a  was PTA-stained before embedding in methacrylate. In longi- 
tudinal sections the cutting direction is indicated by the inset diagrams. 
FIGURE 1 
Figs.  Ia to c, longitudinal sections through the Z  disc 
a.  Different  appearances  of the  Z  disc  in adjacent fibrils: In the left and center fibrils 
there are:  Rod-like projections on either side of the Z  disc.  The I  filaments lie in con- 
tinuation with the rod-like projections,  and in the center  fibril an I  filament on one side 
is situated between two I  filaments on the other side. In the left fibril the I  filaments on 
one side of Z  are  opposite  the  I  filaments on  the  other side.  In the right fibril the  Z 
disc appears as a  diffuse line. 
b.  Left fibril: The I  filaments on one side of Z  are situated opposite the I  filaments on 
the other side as if they were  continuous. Note  that the distance between  I  filaments 
is smaller than in the right fibril.  Right fibril: The filaments on one side face the space 
between two filaments on the other side of the Z  disc.  In some parts of the section the 
rod-like projections are seen to consist of two filaments (Z filaments). 
c.  High power micrograph showing shift of the  I  filaments on the one side of the Z 
disc with respect to the  I  filaments on the other side of Z.  Some of the rod-like pro- 
jections  are  seen to  consist of Z  filaments meeting at  an  angle.  Some fragments are 
seen  from  Z  filaments not  parallel  to  the  cutting  plane.  Note  the  occasional  cross- 
bridges between adjacent I  filaments outside the Z  disc. 
d.  Photographs of a  mechanical model of  the Z" disc in different positions,  to illustrate  the 
different appearances of longitudinal sections which contain several layers of filaments : 
Left: One I  filament on one side is situated between two I  filaments on the opposite 
side  (cf.  Fig.  lb, right).  Center: The  I  filaments appear  to  pass through the Z  disc  (cf. 
Fig.  I b, left). Right: The Z  filaments of many layers seem to cross irregularly (diffuse Z 
line,  Fig.  la  to  the right). 
The distances between the wires which represent the I filaments are about double the 
actual distances between I  filaments; the diameters of the wires which represent the I 
filaments are half their actual diameter. 
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acceleration  voltage  of 80  kv  and  a  primary  mag- 
nification of 15,000  to 75,000. 
RESULTS 
The Appearance of the Z  Disc in Longitudinal 
and in Cross-Sections 
The  height of the  Z  disc  was  about  0.08  tt.  It 
was the same at equilibrium length, in fibres fixed 
at different degrees of stretch  (up  to  70  per cent 
stretch),  in  isometrically  contracted  and  in 
shortened fibres (up to 40 percent shortening ( 11 )). 
The appearance  of the Z  disc in longitudinal sec- 
tions depended on the thickness of the section and 
on the orientation of the cutting plane.  In sections 
thinner than 200 A the Z disc appeared as a poorly 
organized structure  without  a  regular pattern.  In 
sections 400 A thick the Z disc appeared either as a 
diffuse line ("amorphous structure")  or as a  struc- 
ture  with  rod-like  projections  on  each  side  of Z 
(Fig.  1 a).  The rod-like projections had  a  slightly 
greater  diameter  than  the  thin  filaments  (I  fila- 
ments)  and  were  continuous  with  them.  When 
there  were  rod-like  projections,  they  frequently 
appeared  to  be  partially  shifted,  each  projection 
on one side of the Z disc facing the space between 
two rod-like projections on the other side  (414 of 
528 filament pairs from six muscles). The distance 
between  neighbouring  rod-like  projections  was 
about 200 A. Less frequently,  rod-like projections 
on  either  side  of  Z  were  situated  opposite  each 
other  (68  of 528  filament pairs).  In this case  the 
distance  between  neighbouring  rod-like  projec- 
tions was about  150 A  (Fig.  1 b). In many parts of 
a  section  with  shifted  rod-like  projections,  the 
projections consisted of two filaments (Z filaments) 
meeting at an angle  (Figs.  1 c and  2).  When cor- 
rected  for  compression,  the  angle  was  15  to  20 
degrees.  Since a  longitudinal  section represents  a 
slice from  a  three-dimensional  pattern  and  since 
the Z  filaments appeared  in many slices, the rod- 
like projections must be assumed to consist of more 
than  two  Z  filaments which  unite  in  a  pyramid. 
This  gave the  Z  disc  the  appearance  of a  zigzag 
line which could still be distinguished  even when 
the cutting plane was adjusted  to deviate as much 
as 10 degrees from the longitudinal axis of the fibre. 
In sections thicker than 600 A  most Z  discs ap- 
peared as diffuse lines. 
A  cross-section through  the I  band  at the level of 
Z frequently traverses the Z disc and parts of the I 
band on either side of it. That the section traverses 
the I  bands  is indicated by the occurrence of thin 
filaments and  by the  absence  of the  double hex- 
agonal array formed  by  thick and  thin  filaments 
(12).  That  the  section  traverses  the  Z  disc  is  in- 
dicated  by  the  greater  number  of thin  filaments 
per unit area, and by the different pattern in which 
they appear in part of the section (Figs.  3 and 4). 
The  density  of the  background  between  the  fila- 
ments  in the Z  disc appears  to be the same as in 
the other parts of the I  band  (Figs.  3 c and 4).  In 
Vestopal-embedded  sections  the  thin  filaments in 
the I  band  have an average diameter of about  70 
A, and  the thick filaments in the A  band  have an 
average  diameter  of  about  130  A,  i.e.,  slightly 
greater than in methacrylate-embedded sections of 
glycerinated  fibrils  (12). 
On either side of the region in which  thin fila- 
ments  occur  in  a  greater  number  per  unit  area 
than in the remainder of the I band, there is a zone 
in  which  spots  occur  which  are  slightly  thicker 
(110 A)  than  the cross-section through  the I  fila- 
ments in the other parts of the I  band  (70 A). The 
110  A  spots  occur  in  the  same  number  per  unit 
area  as  the  70 A  spots  in  the remainder  of the  I 
band  but are arranged  in a  more regular pattern 
(Figs. 3 and 4). The  110 A spots represent a  cross- 
section  through  the  tip  of the  pyramid  in  which 
the  Z  filaments meet, i.e.,  through  the  tip of the 
rod-like  processes  which  are  seen  in  longitudinal 
sections  on both  sides  of the  dense  part  of Z.  In 
cross-sections  the  I  filaments  and  the  tips  of the 
pyramids  appear  to  be  arranged  in  a  tetragonal 
pattern  with  the  filaments  at  the  corners  of  the 
tetragons.  The  side  length  of  the  tetragons  was 
measured  perpendicular  to  the  cutting  direction 
as determined from the distortion of the hexagonal 
pattern  in the A  band  in other fibrils  in  the  same 
~IGURE 
To show, as in Fig. 1, the shift of the I filaments on either side of the Z disc with respect 
to each other in longitudinal sections. Some rod-like projections are seen to consist of 
two  filaments meeting at  an  angle.  Note the cross-bridges  between some adjacent  I 
filaments. 
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measuring the length occupied by 10 series of about 
10  adjacent  tetragons.  It amounted  to 220 A  per 
tetragon (SD 35 A, five different sections). The side 
length was about 25 per cent less when measured 
parallel to the cutting direction, probably because 
of compression  during  sectioning.  The  tetragons 
may thus be assumed  to be squares; they had  the 
same orientation on either side of the central part 
of the Z  disc. 
In  cross-sections  the  oblique  Z  filaments  too 
were arranged  in a  tetragonal pattern,  the Z  fila- 
ments forming the sides of the squares.  The cross- 
cut filaments appeared  as broken lines rather than 
as spots,  consistent with  the presence here of fila- 
ments oblique to the fibre axis. The squares formed 
by the Z  filaments were rotated  about 45 degrees 
with  respect  to  the squares  formed  by  the  I  fila- 
ments  (Fig. 3  and 4).  The thickness of the Z  fila- 
ments  was  about  50  A.  When  measured  per- 
pendicular to the cutting direction, the side length 
of these tetragons was 30 per cent shorter than the 
side  length of the tetragons  formed  by the  I  fila- 
ments  (155 A, SD 25 A, determined  in 8 series, as 
the  length  occupied  by  six  adjacent  tetragons  in 
four different sections). 
INTERPRETATION OF  THE FINDINGS 
In most longitudinal sections each I  filament on 
one side of Z  is shifted with respect  to  the I  fila- 
ment on the other side of Z, the shift depending on 
the orientation  of the cutting  plane  to  thc  three- 
dimensional  pattern  of the  I  filaments.  This shift 
implies  that  the  square  lattice  formed  by  the  I 
filaments on one side of Z  is displaced in relation 
to the square lattice formed by the I  filaments on 
the other side of Z.  Considering  the regularity of 
the structural  arrangement  in  the fibril,  it seems 
reasonable to assume that the shift is such that each 
I  filament on one side  of Z  faces  the center of a 
square formed by four I filaments on the other side 
of Z  (Fig. 5).  The finding in longitudinal sections 
of Z  filaments which  connect each  I  ~ament  on 
one side to two adjacent I  filaments on the oppo- 
site side of Z  indicates that each I  filament on one 
side is connected to four I filaments on the opposite 
side of Z  (Fig. 6). 
Fig.  5  b  represents  a  projection  of  the  model 
outlined  in  Fig.  6  onto  a  plane  perpendicular  to 
the  fibre  axis.  Consistent  with  the  characteristic 
features of the cross-sections are these findings: (a) 
The  cross-cut  I  filaments on  both  sides  of Z  are 
arranged in square lattices of the same orientation. 
(b)  Each I  filament on one side of Z  is connected 
with four I  filaments on the opposite side via four 
Z  filaments.  In the projection (right part of Fig. 5 
b)  the Z  filaments form the sides of squares which 
are rotated  45 degrees with respect to the squares 
formed  by the I  filaments;  (c)  The side length of 
the Z squares is half the length of the diagonal line 
of the I squares, i.e., 
--  X  220  =  155A. 
2 
In a  cross-section  through  the model the oblique 
Z  filaments  appear  as  broken  lines forming only 
part of the sides of the squares (Fig. 7). This too is 
in agreement with the experimental findings (Fig. 
4). 
DISCUSSION 
Since Krause in  1868  (1)  described  a  "basal mem- 
brane"  which  traverses  the muscle fibre, findings 
by  light  microscopy  have  given rise  to  different 
theories  concerning  the  muscle  fibrils  and  the  Z 
disc.  That  the  fibrils  could  be  isolated,  for  ex- 
ample, by boiling, has been interpreted to indicate 
that the Z membrane has holes through which the 
muscle fibrils pass (4,  13).  Other workers have ob- 
served  a  membranous  structure  within  the fibrils 
(14)  in  addition  to the interfibrillar structure.  In 
FIGURE  8 
Cross-sections  through  the I  band at the level of the Z  disc 
3a.  Low power electron micrograph of the Z  disc  and the I  bands  on either side of 
it. Note the regular pattern in which the I filaments are organized in the vicinity of Z. 
3b  and  3c, sections of the Z  disc  and  the adjacent  I  bands  from two  other  muscle 
fibres at higher magnification. The tetragons in the center of Z  (marked by the arrows) 
are situated  at an  angle of 45  degrees to the tetragons in the boundary zones which 
are oriented in the same way. 
The sections were cut through the I band at an angle of a few degrees to the Z disc, 
the angle being greatest in 3a. 
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FIGURE  5 
Diagrammatic  representation  of  the  most  com- 
monly seen position with respect to  each  other of 
the I  filaments on either side of the Z  disc. A and 
C,  longitudinal  sections,  displaced with respect to 
each other so that each I  filament lies between two 
the  electron  microscope  the  Z  disc  appears  with 
high density within the fibrils; from an integration 
of densitometer  tracings  obtained with  the inter- 
ference  microscope  the  Z  disc  was  estimated  to 
contain  6  per  cent  of  the  total  dry  mass  of  the 
sarcomere  (15). 
Since electron micrographs have shown that the 
muscle  fibril  contains  filaments,  the  relation  be- 
tween  the myofilaments and  the Z  disc has been 
discussed  as  had  been  the  relation  between  the 
myofibrils and the Z disc. The first electron micro- 
graphs  indicated  that  the  filaments  pass  unin- 
terrupted through many sarcomeres, and Hall et al. 
(5) suggested the Z  disc to be an interfilamentary 
material occurring within the fibril but not within 
the filaments.  Findings in dipteran flight muscles 
(16)  were  interpreted  in  the  same  way.  Huxley 
and Hanson (6),  too, described the Z  disc as con- 
sisting of amorphous material between the Z  illa- 
ments. They left it open, however,  as to whether or 
not the I  filaments  continue without interruption 
through the Z  disc. 
The  main result of the study  presented  in  this 
report is that the myofilaments terminate at the Z 
disc.  The most obvious indication of an interrup- 
tion of the I  filaments at the level of the Z disc was 
the finding that each rod-like projection to  which 
an I filament was attached on one side of the Z disc 
lay somewhere between two rod-like projections on 
the other side of Z.  The displacement depends  on 
the  orientation of the  cutting plane to the three- 
dimensional pattern  of  the  I  filaments.  This  ex- 
plains the infrequent finding of I  filaments which 
appear to be continuous through the Z  disc in lon- 
gitudinal  sections.  Each  rodqike  projection  was 
formed  by  two  Z  filaments meeting  at an  angle 
of  15 to 20 degrees.  Thus in  a  three-dimensional 
opposite  I  filaments  on  either side  of the  Z  disc 
(the all black and all white bars). The  shadowed 
bars represent the Z  filaments. B, Projection of the 
square pattern formed by the cross-cut I  filaments 
on  one  side  of  Z  (open  circles)  onto  the  square 
pattern formed by the I  filaments on the  opposite 
side of Z  (black circles) such that each I  filament 
on one side faces the center of a  square formed  by 
four I  filaments on the opposite side of Z. 
~G~E4 
Cross-section through Z  and the adjacent I  bands  (cf.  Figs. 3b and 3c) to show the tetragonal 
structures in the center and in the boundary zones of the Z  disc and traces of a  hex- 
agonal pattern in I. The arrow indicates the cutting direction. 
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To illustrate  the attachment  of each I filament  to four  Z  filaments.  The I  filaments have been drawn with 
twice their actual distance as compared with their diameter.  The thickness of the I  filaments cor- 
responds to a magnification of about 400,000.  (Drawing by Professor H.  Elias, Chicago). 
pattern  each  rod  is  a  pyramid  whose  sides  are 
bounded  by  more  than two Z  filaments. 
In the model of the Z disc reconstructed from the 
findings each I  filament is attached to four Z  illa- 
ments.  This is confirmed  by the findings in cross- 
sections through the Z disc. 
A  ratio of 4:1  between Z  and I  filaments and a 
30  per  cent  smaller  diameter  of the  Z  filaments 
than the I  filaments gives a  two times larger cross- 
sectional area of Z  filaments in the Z  disc as com- 
pared to the cross-sectional area of the I  filaments 
in  the  I  band:  I  filament  diameter  =  70  A,  Z 
filament diameter  =  50 A; the cross-sectional area 
occupied by the I  filaments is 3,850 A S,  the cross- 
sectional area occupied by the Z  filaments is 1,960 
A S  X  4  =  7,840  A S.  The  ratio  between  the  area 
taken up by the Z  filaments and the area taken up 
by the I  filaments is 
7,840 
=  2.04. 
3,850 
As to  the  question whether there is material in 
the Z  disc in addition to the Z  filaments, we have 
compared  the  electron  microscopical  measure- 
ments with Huxley and Hanson's (15) densitomet- 
ric determinations of the protein content. 
Assuming the protein content of a filament to be 
proportional to its cross-sectional area,  the density 
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lqkGURE 7 
Cross-section  constructed  from  the  drawing  in  Fig.  6. 
Thickness  100  to  200  A,  cut  at  an  angle  to  the 
longitudinal  axis  of the  I  filaments,  al,  bl,  a2,  b2 
show the tetragonal arrangement of the I  filaments 
near the Z  disc; cl,  c2 illustrate the slightly larger 
diameter  of  the  I  filaments  cut  at  the  point  of 
insertion of the Z filaments; d[, d2 show the tetragons 
formed by the oblique Z  filaments. 
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of the Z  disc would be twice that of the I  band. In 
glycerinated  fibrils from  the  psoas  muscle  of the 
rabbit the density of Z  to I was 5:1  (Fig. 9 in refer- 
ence 15 calculated for a width of the Z  disc of 0.08 
#).  Whether  the  difference  between  the  ratios  2 
and 5  is due to the removal of protein from the I 
band by glycerol extraction or to error in measure- 
ment of the electron micrographs and of the densi- 
tometer tracings or indicates the presence of ma- 
terial  in  addition  to  the  Z  filaments  remains 
undecided. 
In accordance with the structural arrangement 
suggested, deviations of the cutting direction of up 
to 10 degrees from the fibre axis did not change the 
appearance  of  the  characteristic  zigzag  pattern 
of  the  Z  disc.  Even  in  sections  which  contained 
only one filament layer,  70 to 80 per cent of the I 
filaments terminated on one side of the Z disc with- 
out signs of further continuation, independent of 
whether  the  cutting  plane  was  such  that  two  or 
that one I  filament appeared  between two A  fila- 
ments.  A  similar  arrangement  can  be  seen  in 
Huxley's  (17)  ultrathin  sections  of  glycerol-ex- 
tracted psoas muscle (Figs.  l, 2, 8 in reference 17). 
In  cross-sections  there  is  evidence  that  the  I 
filaments in the region of the Z disc are arranged in 
a  tetragonal  pattern while  the  I  filaments in  the 
zone of overlap  and probably in the greater part 
of the I band form hexagons (Fig. 8 a and 8 b). The 
transition from  a  hexagonal  to  a  tetragonal  pat- 
tern is less difficult to accept when it is considered 
that  a  displacement  of each  I  filament  by  90  to 
100 A  suffices to change the tetragonal pattern to 
an almost regular hexagonal one  (Fig.  8  c).  Since 
I  filaments in the I  band have a  length of several 
thousand Angstroms, this displacement causes only 
a  small angle between the I filaments and the fibre 
axis  (0.02  radian). 
It  remains  to  discuss  whether  the  suggested 
I~GUaE 8 
Schematic cross-section of A, the zone of overlap, in the A 
band;  B, the I  band close to the zone  of overlap,  and C, 
the 1 band close to the Z  disc. 
The open circles in C represent a  projection of 
the hexagons formed by the I  filaments in B. The 
hexagonal pattern can be transformed to  a  tetra- 
gonal pattern by a  displacement of the I  filaments 
of  less  than  100  A  during  their  course  through 
the I band. 
The hexagonal pattern in B  is idealized.  The  I 
band usually is distorted by the preparation and its 
hexagonal pattern can be traced only occasionally 
in electron micrographs. 
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finding of an unchanged  Z disc during stretch and 
contraction  (l 1).  When axial tension is applied to 
the muscle fibre, forces in the transverse direction 
tend  to  reduce  the  angle  between  the  oblique Z 
filaments.  The  transverse  force for  any  pair  of I 
filaments on the opposite sides of the Z  disc is  ~ 
of the  longitudinal  force acting  on  the  tip  of the 
pyramid formed by four Z filaments (1/z5  =  ~  X 
tg ~o, where 9  is the angle between the Z filaments 
and the longitudinal axis of the fibre (I0 degrees)). 
Whether or not the transverse force causes a  con- 
striction of the Z  disc depends on the mechanical 
properties  of  the  Z  filaments  and  their  attach- 
ments  and  on  the  force  or  structural  elements 
which  determine  the  structural  pattern  of the  I 
filaments. 
When  we  assume  the  I  filaments  to  be  freely 
movable in  the transverse  direction,  the develop- 
ment  of longitudinal  tension  would  cause  a  sub- 
stantial  reduction in  ~,; i.e.  the Z  disc would col- 
lapse, even if the Z  filaments were as stiff as steel. 
Thus,  the absence  of a  constriction of the Z  disc 
in the stretched  or in the isometrically eontraeted 
fibre probably  is due  to the forces which  arise  in 
transverse structures  between neighbouring  I  illa- 
ments.  The  substriations  observed  in  the  I  fila- 
ments (I 1) indicate the presence of such transverse 
connections. 
Heidenhain  (13)  and  Hiiggqvist (4)  assigned  a 
mechanical  function  to  the  Z  disc.  The  former 
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